In our laboratory, we developed a simple estimation of the wall thickness by the UWB (Ultra Wide-Band) radar system. The described technique measures the wall thickness in the two steps. The first step is a measurement of the wall relative permittivity. The second step is a reflections localisation and estimation of the wall thickness. The borders of the wall could be detected by the envelope of the received signals. The described technique calculates the signal envelope by the Hilbert transform. Moreover, the relative permittivity of the wall is estimated by the technique developed in our department as well. The effective relative permittivity is calculated from the frequency dependency of relative permittivity. This technique was developed for the impulse radar system. The aim of this article is compare the results from impulse radar system with M-sequence radar system which operates in the time domain as well measuring wall relative permittivity and wall thickness estimation.
INTRODUCTION
Research in the localisation of moving objects behind the obstacle is very important in the security applications. The police or counter-terrorist units need to localise persons behind the obstacle, where we can consider a wall as an obstacle. In the scenarios inside the building without the camera monitoring system, the usage of the radar system is an appropriate option. The big advantage of the radar system is the system does not have to be installed before some occasion occurs [1] [2] [3] . The radar system has to perform the measurement in the reflection mode from the single side of the wall, because of the possible application.
For that reason, the radar system requires the data about the thickness and permittivity of the wall. The desired data are used in the process of the person localisation in the part of the wall effect compensation. The compensation of the wall effect tells about the lower velocity of the transmitted EM (Electro-Magnetic) wave inside the wall. The system of estimation of the wall thickness and permittivity increase the accuracy of the person localisation [4] .
For the application in the security area, the radar system, as well as used method, need to fulfil several conditions:
• measurement has to be performed from the single side of the wall (reflection mode),
• measurement has to be no-destructive,
• calculation of the results has to be fast,
• measured system has to be cheap.
In our laboratory, we developed a simple technique used by the UWB radar for measurement a wall thickness and its permittivity [5] . The method performs a measurement with the same devices as in process in the localisation of moving persons. This is making a cheap solution for measurement. The presented method use only reflected signals for the calculation of the wall thickness and its permittivity. The UWB radar uses the antennas for the localisation of moving persons as well as for the measurement of the relative permittivity and thickness of the wall. It means that the measurement is non-destructive. The developed method is very simple that means the calculation of results is fast. The described method is possible to use by the impulse radar system as well as the M-sequence radar system [6] .
The method performs measurement in two steps. The first step is the measurement of the relative permittivity of the wall by the reflection coefficient where the halfinfinite model of the wall is used. The second step is the estimation of the wall thickness from the envelope of the reflected EM wave from the measured wall.
There exist another technique for the estimation of the wall thickness [7] .
However, the estimation of the wall permittivity is performed in insufficient accuracy.
The described method was developed for the impulse radar system. The method requires the radar system operates in the time domain. Another type of the radar system operating in the time domain is M-sequence. This article compares the results of this radar system in the described application. The main difference in the radar system is the impulse radar system transmits the short impulse instead of the M-sequence radar system which is continuously transmitting M-sequence signal. On the other site, the mean value of the M-sequence signal is zero instead of the impulse signal.
The results of the estimated wall thickness are at the end compared to the result from the direct measurement performed by the laser measuring tool.
METHOD FOR ESTIMATION OF RELATIVE PERMITTIVITY
Permittivity, also called dielectric constant, describes the interaction of the material and the electric field. It is complex frequency dependent function which is unique for every material. In the practise, the relative permittivity is used instead of the full form. The relative permittivity ε r can be defined as:
where ε is absolute permittivity of the wall and ε 0 is permittivity of the vacuum. ε r and ε r are real and imaginary parts of relative permittivity and tan δ ε represents a dissipation factor.
The complex permeability µ which describe a interaction of magnetic part of EM field and material can be defines similarly [8] .
Estimation of the wall parameters is sufficient because of the application. The precise complex long measurement does not have to be performed. It is needful to notice the simplification where the measurements are performed at the wall which can be considered as dielectric material. For the dielectric material, we can consider µ r = 1 and tan δ µ = 0. Moreover, if we consider that the dissipation factor tan δ ε is much smaller than relative permittivity ε r than we can also consider tan δ ε = 0.
This method is based on the measurement of the reflection coefficient of the wall Γ. The reflection coefficient Γ represents a sum of elementary reflections and transmissions from the single side of the wall. The problem of the multireflection inside of the wall is possible to show in the following diagram ( fig. 1 ). In the fig. 1 , ρ represents the elementary reflection coefficient and τ is a elementary transmission coefficient. The index number represents a number of border and the apostrophe determines the direction of the wave motion. T represents the time period when the transmitted wave appearers again at the incident border of the wall. Then the reflection coefficient is the ratio of the backwards moving participations of the wave and the incident wave. In the case in the fig. 1 , where the incident wave is "1", the reflection coefficient Γ is possible to calculate by the equation [9] :
In the half-infinite model of the wall (thickness of the wall is infinite), the first elementary reflection from the border of the wall ρ 1 exists only. Then, we can consider that the first elementary reflection ρ 1 corresponds the reflection coefficient Γ for the half-infinite model of the wall, where the reflection from the second border of the wall does not exist. Then we can consider, the reflection coefficient Γ equals first elementary reflection ρ 1 in the scenario where the reflection from the second side of the wall does not exist (when the half-infinite model is used). The first elementary reflection ρ 1 can be calculated by the equation:
where Z 1 is characteristic impedance of measured material, Z 0 is characteristic impedance of the free space (vacuum) and Z is the normalized characteristic impedance of measured material which depends on its permittivity and permeability [9] . The impulse radar or M-sequence radar perform a measurement in the time domain. It is possible to apply a window function on received signals in the time domain. If we can predict places of the first and the second reflection on received signals, then the window function can be applied on received signals to suppress the reflections from the second border of the wall. However, the end of the window function has to be before t = T . Then the received signal consists only the data of the first elementary reflection ρ 1 . The higher participations of the equation (2) (all summation) can be cancelled for the calculation of the reflection coefficient Γ and halfinfinite model of the wall (where d → ∞) can be used. After application of the window function by the way described above, we can write:
As noticed above, if the measurement is performed at the dielectric material, then is possible to use a substitution where µ r = 1 and tan δ µ = 0. Moreover, if we consider that the dissipation factor is very small compare to the ε r , then we can write that tan δ ε = 0 as well. After simplifica-tion and derivation, the equation (4) can be written as:
ESTIMATION OF THE WALL THICKNESS
The second part of the measurement is the estimation of the wall thickness. This part requires the envelope of the received signal in the time domain, which was reflected from the wall. The envelope is calculated by the Hilbert transform. Received signal is transformed to the analytic signal by adding its Hilbert composition. This analytic signal is complex and in the same domain as original signal (in this case in the time domain). The magnitude of the analytic signal can be considered as the envelope of the original signal.
The main feature of reflections from the wall boundaries in the envelope of the received signal are significant peaks. The position of these peaks in the time corresponds to the boundaries of the wall. This information is also helpful in the first part of estimation when the window function is applied. At first, we need to know the time when electromagnetic waves reached the borders of the wall. It is possible to recognize when the signal was received by the antenna from the envelope of the received signal. Time t 1 , belonging to the reflection from the first border of the wall, can be marked as a place of the first border of the wall. For the explanation, we can consider t 1 = 0. Then the time of arrival of the reflection from the first border is 0 and just reflection from the second border of the wall is interesting because it carries the information about the wall thickness. Time t 2 , representing the reflection from the second border of the wall, belongs to the time when the second reflection arrival to the place of the first border. Then we can say that ∆t = t 2 −t 1 carries the information about the time necessary for the EM wave to travel from the first border of the wall to the second and back. In other words, the EM wave travels a thickness of the wall d twice. In the fig. 1 time ∆t = T .
As well known, the velocity of the wave inside the wall compared to the velocity of the light is smaller by the square root of the wall relative permittivity. After that consideration the thickness of the wall d can be calculated by the equation:
MEASUREMENT SYSTEM
In the following figure, it is possible to see the diagram of the measurement. Radar generator and the Scope are parts of the radar system.
We perform several measurements by impulse radar system as well as M-sequence radar system. However, we present just demonstration measurements in this paper. The presented measurement was performed by the impulse radar Geozondas (GZ1117DN-50, SD-10806) or M-sequence radar (Ilmsens SH-3100). Double ridged waveguide horn antennas DRH10 (from RF-spin company) are connected via 50 Ω lines to the radar system. The copper slab is a part of the GRL calibration process. Absorbers (ECOSORB AN-77) are used for the attenuation of the incident wave in the places on the wall border with the significant curvature of the wave-front compare to the wall. Usage of the absorber can be prevented by the antennas which wave-front is parallel to the surface of the wall. The measurement was performed in our laboratory on the 0.17 m thick brick wall.
GRL (Gated Reflected Line) calibration process is a free space calibration process which is a member of the TRL (Thrue Reflect Line) calibration family.
The reflection coefficient Γ can be calculated as the ratio of the reflected and incident wave. For the calculation of Γ, the method requires the reflection from infinite impedance in the place of the wall border. The reflection from infinite impedance behaves as the incident wave. The calibration process helps to find out the shape of the incident wave. The copper slab behaves as the short circuit for the EM wave. The reflected wave from short is phase shifted by π rad compare to the reflected wave from infinite impedance.
Presented equations are valid just in the case when the wave-front and the border of the wall are parallel. For that reason, the absorbers were used. Eight absorbers were placed to the square shape (3 × 3) with the hole in the middle. The antennas were situated in the distance 1.2 m from the wall. In the fig. 2 , the solid narrow lines represent the incident wave. The thick part of the wave-front of the incident wave can be considered as parallel to the wall border. The rest of the incident wave (dashed thick line) is attenuated by the used absorbers. The grey dashed lines represent the reflected wave.
The measurement, including the calibration process, consists of three measurements:
• measurement of the wall,
• measurement of the copper slab (calibration process, reflection behaves as the reflection from short reference),
• measurement of the free space (represents the influence of the measured system. Can be considered as the measurement of the perfect match in the GLR calibration process).
After that consideration, the equation (5) can be written as:
where h w (t), h s (t) and h f (t) are received signals from the wall, short reference and free space respectively. w(t) represents used window function. F (·) represents a Fourier transform. This equation have exchanged signs (+/−) compare to equation (5), because phase shift by πrad. It should be noticed, the multiplication/deviation in the equation (7) are in real the dot multiplication/deviation were the sample is multiplied/divided by the corresponding sample only.
MEASUREMENT
As noticed above, we performed three measurements for every radar. Results after subtraction of the device influence are shown in the following figures ( fig. (3) and fig. (4) ). The figures ( fig. (3) and fig. (4) ) show received signals by the antenna. The dashed bright grey line represents a reflection from the wall and the dot dashed dark grey line represents a reflection from the copper slab. The dot dashed dark grey signal can be considered as an incident wave by the conditions noticed above. Moreover, the figures show a length and a position of the used Flat-top window functions. The window functions are positioned in the highest peak of the signals, where the most of the power of the signals is contained. The length of the window function for the impulse radar system was set by its frequency properties. The window function for M-Sequence radar from the point of view of the frequency properties should be narrower, but than just a small number of samples in the result. There has to be a fulfilled condition that the window functions must end before the reflection from the second side of the wall occurs. That cause the frequency narrower measurement of the relative permittivity. The results of relative permittivity, calculated from the equation (7) of the received data in the fig. 3 and fig. 4 , are shown in the following figure (fig. (5) ). The frequency properties of used antennas and antialiasing filter cause the valid results in the fig. 5 are in the range 0.6 − 6 GHz. However the radars have a different sampling frequencies and that cause usage of different window functions. For that reason, the result of relative permittivity in the range 0.6−2 GHz are considered only, where the difference between them is small. The effective relative permittivity can be calculated as the geometric mean of the data in the frequency range. For the data in the fig. 5 , the calculated relative effective permittivity for the impulse radar system is ε r e f f ,im = 3.9837 and for the M-Sequence radar system ε r e f f ,ms = 3.9697.
The envelopes of reflected signals from the wall are shown in the following figures. Fig. 6 Envelope of the received signal for the impulse radar. In the fig. 6 and fig. 7 , it is possible to clearly see the first and the second border of the wall at position of t 1 and t 2 at the peaks of the signal envelope after the Hilbert transform. For the impulse radar system, the values are t 1 = 7.723 ns and t 2 = 9.892 ns. Than ∆t im = 2.169 ns. For the M-Sequence radar the times are t 1 = 59.268 ns and t 2 = 61.4483 ns. which means that ∆t ms = 2.1785 ns. Delta times can be used with calculated ε r e f f in the equation (6) . The estimated thicknesses of the wall are d es,im = 162.9 mm and d es,ms = 163.9 mm.
We performed another verification measurement of the wall thickness by the laser measure (Leica Disto D8). The measured thickness of the wall by the direct method was d m = 173.2 mm. The difference in the results can be caused the accuracy the laser measure and radar system. However, the method of the estimation of the wall thickness works with sufficient accuracy for localisation of moving objects application.
CONCLUSION
This paper focuses on the method of the estimating the relative permittivity and wall thickness by the UWB radar systems. The presented method can be used by the impulse radar system as well as the M-sequence radar system because both perform measurements in the time domain. In this paper is presented one demonstration measurement for both radar systems. The accuracy of the demonstration measurements are ∆d im = 10.3 mm for the impulse radar system and ∆d ms = 9.3 mm what is for the application in the localisation of moving persons sufficient accuracy. The difference in the ε r e f f can be caused by the influence of the window functions on the received signals. The source of inaccuracy for ∆t could be a fact that the signal transmitting from the material with hight characteristic impedance to the material with lower characteristic impedance and vice versa changes its phase. For that reason, the borders of the wall does not have to be on the top of the peaks of the envelope bud in the rising edges of the peaks. Also, verification measurement of the wall thickness can be influenced by the accuracy of the laser measure or roughness of the wall. However as was noticed above, both radar systems provide a sufficient results for their usage in the estimation of the wall thickness and relative permittivity.
